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Abotraci

The influence of initial temperature (To -- 195 0 K

aid To : 295 0 K) on 1t1e lim-ttA of detonability of

gaseous detonations is investigated for mixtures of

C114 -%, {21 - 0., and 112 - air at one atmosphere

ii-xi.tial pi'essure in long tubee of 4, 6, 10, 16 and

26 rm inner diameter, respectively, by use of a

rotating drum camera,. Two experimental designs are

dt!Lcribed to measure these limrits at low initial

tcienperaturcs. The regime of fue. gas concentrations

f£01 stable detonations becomes somewhat narrower

al, lower iJnitial temperatures. The influen.e of the

initiaal temperature on tae critiLcal tube diamieter is

estimated Furthermore the appli.cabilI.ty of the

Chapman.-Jouguet theory is discu,,ssed in relation to

shock wavw confijurattons, 1,c. the Mach triple con-

figuratioxi.. The essential arguments for the existeace

of the limi.ts of dctonability ar.,e discaused. Finally

a new method to estimate the linits of detonability

with & very simple expeviui'ental arra..emen.; iis dee-



cribed. By this method experimeients coicerning

the stability of a detonation and its initiation

process arc linked toL'ether.,

VI
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I,, INTRODUCTION

Shortly after the discovery of gaseous detonai.Xions

by Bethelot and Vielle and by fMallard and Le .'atelier.,

Chapman and Jou-tiet gave a theoretical' de•'r .t.cn

of a one-dimensional detonation, Their threti~bi

model was very s:ucceosful as far as ti~e ptredi cion

of detonation velocittes is concern.dt, The under-

standing of the stability of a detonation iLE riot so

well developed,,

The stability of detonations ts of interezt in two

respects.

1) Limits of detonability are the s-abi•-ity 1imit•

of selfsustained detonations, They are of great

importance concerning the pro^,lims of safety,

2) The understandi.ng of the stabi.!ty of

is essential for the e~uc-.dation of the prpag--ti7,,

mechanism of the detont.tion itself±%

IL. THE ONE-Drr•NIONA, £YO)EL . A D A.

In the classlcal model a "etonation ic .esr-i_ ,ucx"i az
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a shock wave behind which a rapid chemical reaction

occurs after an induction time ý Preosure, density, and

temperature of the fresh gas are increased

suddenly by the shock wave. During the induction

time these values remain constant. But after tho

spontaneous onset of the exotharmic chemical reaction

the 'jmperature increases, why the pressure and the

density decrease to lower values. in this model a

stable detonation can be described by the laws

of conservation of mass, momentum, and energy. The

Chapman-Jouguet law statea, that for a stable detonation

the Rayleigh-line has to touch the Hugoniot-curve

for the final products° From this, it can be deduced that

the velocity of a detonation is a minimum velocity, The

basic assumption of this one-dimensional model is

that a thermodynamic equilibrium exists both in front

of and behind the reaction zone. However, the effects

of transport phenomena, the influence of the tube

diameter, the length of the reaction zone and the details

of the chemical reaction were not considered. Detonation
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vclocitleu calculated by this modo)l correlatu withl

those obtained experimentally. Iovever there exists

sometimes a distinct discrepancy between calculated

and measured values for the density and pressure.

III. A Dl'TONATIOI• AM A THRJ',;}E Di.-ENSIONAL PHENOMENON

Many experiments, using a variety of experimental

techniques, have been performed to obtain a more re-

alistic model of a detonation. Two ways are normally

used for the experimental investigation of a detonation:

the first is concerned with the macroscopic behaviour

of a detonation and the second with the microscopic

phenomena. The "microscopic" point of view is con-

cerned mainly with the interaction of shock waves.

Deep insight into the interaction of shock waves was

obtained by the method of soot traces and instantaneous

Schlieren photorraphs, especially by using Laser

techniques [21 . Despite the great number of experiments

and thorough theoretical calculations one is not yet

able to give a theory describing a detonation as a whole
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ES )ciaIly thL problems concerning the initJaLion

of a detonation and the limits of detonabillty

have not yet been solved. It is obvious, however,

that a detonation is a three dimensional process

with a very corn lex r:icroscopic structure. The front

of a stable detonation is uneven and determined by

shock wave interactions, ice. as the Mach triple con-

figuration, leriodic movements of shock waves at the

front of the detonation are coupled with transverse

oscillations in the burnt gas as observed by the

macroscopic plienomenon of spin. Transverse oscillations

in the reaction zone seem to be responsible for the

transport of energy to the detonation front, and a

detonation is stable as long as these transverse

oscillations are compatible with the boundary conditions,

IV,, THE LIMITS Oi DETONABILPITY

In a plot of detonation velocity versus fuel gas

concentration the limits of detonability are characterized

by a jump in the detonation velocity, These limits
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givw the retlon of the gas mixture In Nihich a

ttable Jctouatiun 1•$ :Oible._ At the iimitu of

dctoxiati]itý one alwayc ohzervcs the loweat po. -. ble

.requeILcy of spin v.ilcJh can be calculated by a

siiple formula derived by ,Manson and 1.ay F33

1 84 av = V - (circular tube cross section)

Until now the influence of the tube diameter, the

addition of inert Cases to the explosive gas mixture,

the initial presure and temperature on the limits of

detonability have been Investicated £82

The principal res-a]ts shall be summarized: the fuel

Cas concenrration at the limits is a linear f,.nction

of the re. ýrocal tube diarmeter for a wid. range of

tube diameters. The slope of this straiht line is a

measure of ihe influenc;s of the tube diameter on the

limi.ts of dtio;natAi]ty- The deton;ition velocity

measured near the limits is in roL". ý,rrccment ;Uith

the values caloulatLed from the Crapmnri-Jouguet theory

The addition of' inert gases can lead to a detu.nnton

rer.rae wht~icl is eIther smaller or largcr than without

an -. ,wrt iga- , This ']s mainiy [.iven b.y thie ratio of



the u; .. iflc heato buhind the shock front and by

the dilution of the reactive components of the

Cca mixture. A decrease in the initial prcesure

leads to a smaller detonation regime. As there

exists a critical diameter for the propagation

of a stable detonation, there also exists a critical

pressure, This is the lowest pressure for which a

stable detonation is possible..

V TilE INFLUENCE OF INITIAL TEMPERATURE ON TIHE LIMITS

OF DETONABILITY

Until now little is known about the influence of

initial temperature on the limits of detonability,

but the influence of initial temperature on the

detonation velocity has been investigated several

times [4] .. Dixon measured the detonation velocities

foi: -mixtures of C2H4 + 202 and 02 N2 + 02 at initial

temperaturoe of 10 and 100 0C and at 1 atm, initial

pressure, Laffitte investigated the detonation velocities

of 2112 + 0', (450 - 475 0C initial temperature) and



-7-

0114 .4.202 (525 - 530 °C initial temperature) at

normal pressure,. Ragland, Cooens, and CaJllen deter-

mined detonation vclocities of stoichiometric hydrogen-

oxygen mixtures for low initial temperatures down

to the vicinity of the oxygen vapour saturation point at

initial pressures from 1 to 15 atm,. Gordon and Zeleznik

calculated detonation parameters of hydro-en-oxygen

detonations from 0.01 to 100 atm initial pressure and

from 200 to 500 OR initial temperature. Another

investigation about the influence of initial temperature

on detonations in hycrogen-oxygen has been published

by Ladermann,

Summarizing all these investigations one can say:

at constant initial temperature the detonation

velocity increases with increasing initial pressure,

and at constant initial pressure the detonation ve-

locity decreases with increasing tnitial temperature.,

The variation in the detonation velocities is about

1 to 2 % When the initial temperature is varied by

100 0}. It should be mentioned that this result is in
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accordance with the Chapman-Joufuet-theory.

The rmain subject of this report is the influence

of i.xitial tempereture on the limits of detonability,

What can be expected from the Chapman-Joaguet theory ?

If Q is th heat of reaction per unit mass, x the

ratio of the specific heats, D the detonation velocity,

a the velocity of sound, and index o refers to the fresh

gas, then the following relation holds approximately:

D 2 •2 (02 _ 1) Q

T 0 0 0)D2

0 o

In a first approxima'ion the initial temperature TO

has no influence up(n Da is proportional to To

and therefore the te.iperature at the CJ-plane, T C0 ,

is approximately in.eperident of T, From this it can'

be expected that a Etable detonation should not be greatly

influenced by the initial temperature, But at the limits

of detonability the Chapr-an-Jouguet theory is not valid

and here a Creator influeice of the initial temperature
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can be expected,

VI THE EXPER1Mi'NTAL DESIGN

The influence of in'tial temperature on the limits

of detonability 'ias investigated at 1 atm. initial

pressure and for initial temperatures of TO = 295 OK

(room temperature), T0 = 195 0 K and To = 135 'K.

The experiments were carried out for the following gaseous

mixtures: hydrogen - oxygen, hydrogen - air, and methane

oxygen. For comparison with these initial temperatures,

the boiling points of the 2omponents of the gaseous

mixtures are given here:

Methane 111.7 0K

Oxygen 90.2 OK

Hydrogen 20.7 OK

Nitrogen 77A 0K

VI 1) THE 1I1OTOGRAIHIC TL'CIHIU!JE

The combustion processes -in tha tubes were recorded

by a rotating drum camera which is described in

detail in (53 . With the film moving perpendicular
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to the image of detonation front one obtains

a space-time-diagram of the luminous zones of the

combuation process. This luminous detonation front

gives an inclined path on the film, and the slope

of this path is dependent on the relative velocity

of the film and the image of the luminous front. This

is demonstreted schematically for a atable detonation

in Fig. 1. The detonation velocity can be calculated

fron the slope of the path, the ratio of the original

tube length to its image on the film, and the frequency

of the rotating drum camera. This photographic in-

vestigation of the stability of a detonation has

some advantage to the registration of the detonation

velocity by an electric device, On the film not only

the variation of the detonation velocity at the limit

of detonability but also the structure of the com-

bustion process is recorded. Studying the structure

and the velocity of the detonation front one obtains a

very critioal proof of stability. From this point of
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view a detonation ic a stable detonation if the

luminous path on the film is line and if its

structure is regular (Picture 1). It is also under tandable

that ther•. might be a slight difference in the

results from this method to moasurcments made by the

registration of the electrical signals of probes.

VI 2) THE DETEM,1INATION OF THE FUEL GAS CONCENTRATION

To avoid explosions hazards the explosive gas

mixtures were not stored in tanks, The flowing gases

were premixed roughly by means of flowmetere and the

fuel-gas concentration ias determined finally by a

Zeiss Haber-Loewe-Gasinterferometer, which wau

thermostated at 24 0CC. This interferometer was cali-

brated for each nmeasurement with oxygen as reference

gas. By t}7is method the fuel gas concentration could

easily be detcrmined to an accuracy of t M 1. .

Cornmercial gases were used which were dried with a

mixture of dry ice and methyl alcohol.
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Picture 1: Two self-sustained detonations

in H 2 - air, To0 = 295 'K, P0 = 1 atn.

22, 1 Vol H 2  d =26 two marks

d -16 one mar'k



VL 3) TLIE COOLING OP TIHE GASES

T3 cool down the explosive gas mixture it was

necessary to use inflanmable refrigerants. In

the first step of the research the limits of

detonability of methane-oxygen mixtures were investigated

at T = 295 OK and 195 0K. This system is much easier

to invest:.gate than the other ones because of the

h.cgher luminosity of the detonation frcnt. On the

other hani the detonation pressures are expected to

be higher than for 112 - 02 mixtures. It was decided

to use two exnerimental des-blgns for cooling down the

gases. The first experimental arrangement was a

relative slimple one and was used for T' = 195 'K.-O°

IP; was a 10 m long isolated container of aluminium

in which the detonation tubes were cooled down with

dry ice, .,'or the heat insulation of the experiments

at To = 135 0K, a 7 ni long cylindrical Dewar vessel

vws constructed and liquid nitrogen was used as a

refrigerant, The Dewar was found to be more efficient

at the l:ovest temperature because of its better in-

s;.. 1 at•8i-roperti.eir than that of thf commercially



ava'lable teria~s The thickness of the inner

Dewa-r wall w.:as as thin as possibl, to avoid too

high a consumption of liquid nitrogen. This arrangx--

ment; was fouind to be most satisfactory at lowest

temperatures,, For the expeiments at To = 195 'K the

detonation tubes were constructed out of metal to

which plexi[;lass tubes were connected°

Because at ihe lower initial temperature (T 135 0 K) th!
0

connections betwqeen the metal tubes and the plexiglass urbc:

became loose, it was decided therefore to use plexi-

glass - XT throughout° No influence of the material

of the tubes on the limits of detonability could be

detected at room ter!irperature.,

VI 4.) THE I1 ITIATION OF THE D,::TONkTION

The problem of cooling down th- tubes gives an uppe-v

limit for the tube length, It was therefore 6a-ci.ded

to initiate the detonation in the test m.xtture usi.ng

a sloichiomctric mixture of the same compornentsý, Howevey,_

the tubes mrt.;st have a minimum :length due to the existen:.•.
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o. ovcxd(rý.ven deoafos mLŽiirat -pert

o~~ ~-S -h0-2c~ o the H, 0-, an~d OH - 2 yiJm

ttihos of m lengthi and P~t i nne-- &amnt er less thsar,

30 n.m vier- fouind to be adcqu~atc, The general scheme

of the experineietal aarrangement is illustrated in

Fi.g, 2. In order to reduce the length of the :Lg,-ntiov

section a coil. of wir-e wa-, 2'nsC-'ted [63 This- 6eC4tion

was seneri-ted from, the starti,- ;.r amb er yad

phrrag of cellopliane or a-WmLiin IZn oar ca-se thie

k--nd of d:a phgjui did not inflt;-r:mce 'the rneaswcroýl;-.

VI 5) THTE EXEIETL ETNFR 9 N' 111

DESCRIPTIOfl OF .flEASU-IETMENT

A sketch of the apparatus ie given in Fig. .0 E~:ach

experimen-z was performed wifrli three tL,-bes of alIurn-*.-,u.-

of 4.,6,', o:, I0.. 16, 26 zi~i i-nner d-iamotmeu and

I mm wuall thicknt~zs, ThesFe tue; ere Vtu. I;ed One

above the other with a distaniwe of I cm. betwecen then Tc

thie lenf--tli of the. tubes of" abouft 10 s~ evo-~al tubfe-o
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taktr4 cara ;,, the tvlo tubes t:b iCCK

At ;h.begin~ning of cach cxpe ri.Tent the ttubos w'-re pti-

into> the is,,i'ated coilta-iinr (if aluminium with a cro~s

sec'-c-ion olt -ýO x 80 mr ;.:md 10 r.. ic.ngth and' the observutliol

wv;ndlow at o.:.C- e~d, v iai nc:~yClosed by th-ý!

Aftex the r :r~e'n of cruý'!lecl. Crj I.ce was -oaciei;A.' :n

the, detona-ut' on tu~bes, the cwztiner was CeIos'va 11)4

of the i.xcl;-ti~n6 material, Tn nihi Yvay the 1ovw r

insf'de coulO be rnaintCaino tic huKzg:~imit ~ T

tcm-puratllrci: along~ `1.u Tbes vwore U src illh Ti1fC

covupIe~c anie zonoit-o2edi b-..,-*it~o'odrfc the i~~

vert: o.e nt:.- ,:;he tonc of dry icic-the r~m~'

~ ~ E '~ri:~~!t')~91 ~ -)S th -J.:t :~

in"iI iat Io)~ i e ct i orn, .r n.c h -ir~ ~e :re~ s'O~d t'T1L d

tw c uhip r u b e z ifL~t o. tvh ý!:c --il eoppoa ca;I Lp I
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led direc'ly into the gai inletierometer. From the

interferometer the gas passed through a long PVC tube

into the open air. The gas flow through the inter-

ferometer was &bout 100 cm3 /sec. If the reading re-

mained constant for half an hour, the gas stream was

ztopped and the valves were closed. The composition

of the mixture was then determined with the gas at

re t. During the time while the gas in the tube was

been cooled down to 195 0K, the initiation section

was filled. Prior to an experinent the isolating

material was taken out of the window of the container

and the outside of the plexiglass tubes was defrosted

by methyl aleohol i.A. The gaLn m1131cinth initiation

section was ignited by a spark plug and the detonatione

in the tubes were recorded by the rotating drum

carflera,

After each measurement the tubes had to be warmed up to

room temperature and replaced if damage had been occured,,
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The water inside was then removed by pumping. The dried

tubes were then put back into the cooling system and

a new experiment could be started.

It is interesting that at the low temperature at the

limits of detonability dents were often observed along

the first two or three meters of the aluminium tubes

behind the starting chamber. There is no doubt, that this

is an indication for the onset of detonations,

VI 6) THE EXPERi.IENTAL DESIGN FOR T - 137 'K ýFig° 4,4b)

For the experiments at this temperature, plexiglass XT

tubes of 7 m length with an inner diameter of 6, 10, 169

and 26 mm and a wall thickness of about 2 mm were used,

To avoid too high a consumption of the refrigerant

a 6.50 m long cylindrical Tewar vessel with a window

of 60 cm length near ono of its ends was constructed and

built in our work shop, This Dewar was made of brass with

an outer tube of 150 x 2.5 mm and an inner tube of 93 x

This Document Contains Missing

Page/s That Are Unavailable In

The Original Document
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1 .5 mm. The end plates of the Dewiar vessel bet-

ween the outer and the inner tube, and the frame

of the window were made of German silver. The

pressure in the Dewar vessel was kept at 10-4 Torr

with a rotary oil pump and an oil diffusion pump,,

For a Dewar vessel of this length the thermal

dilatation must be conjensated for. The inner part

of the Dewar vessel was at 135 OK whereas the outer

part was at room tempereture and both parts were con-

nected at the ends by German silver with 2 mm thick-

ness. For this reason flexible metal bellows (Tombak)

were soldered near both ends into the outer tube

of the Dewar vessel. The window was built in a manner

that it could overcome the resulting mechanical strains

Liquid nitrogen and CF2 CI 2 (F12) were used as refrigerants.

The latter has a melting point at

-- 155 0C with a comparatively high heat of fusion.

Thus an average temperature of - 140 t 5 0C along the
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straight tubee insidc the Dewar vea~el was a-

chieved, At 10-4 Torr in the Dewar vessel heat

losses by conduction were kept to a minimum and those

by radiation were reduced by polishing the inner

surfaces of the Dewar vessel before mounting.

V1 7) DESCRIUTION OF MEIASU:EMENT AT . 135 ON

In one experiment we only used two tubes lying side

by eide, which were filled with the gas under in-

vestigation in the manner described above. When the

gas stream was stopped, both the valves were closed

and the open ends of the plexiglass tubes were closed,

too. The tubes were then ir.serted into the Dewar

vessel i,;hicj. was already at the low temperature. The

ends of the Dewar vessel were closed by placing rubber

plates over them. These plates contained holes to

enab.. the deton+to- Vubez to paab through them

(see Fig, 4). For cooling down of the tubes, a

sufficient quautity of the refrigerant was then filled

into the Dew.r vessel, The pressure inside the closed

detonation wuies -;•i reduced at the lo'. er temperatures.
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In order to overcome this decrease of pressure,

a flexible tube of IVC with a volume of approxi-

mately 10 1 (inner diameter 16 cm) which acted

as a gasometer was connected to the detonation

tubes and filled with the same gas mixture. This

the initial pressure in the system could always

be maintained at 1 atm. by reducing the volume of

this gasometer. In contrast to the apparatus des-

cribed under 5) the two tubes for each experiment

were situated side by side. A surface mirror lo-

cated in front of the observation window was used

to deflect the light of the detonations to the ro-

trting drum camera,

After the cooling down of the tubes and the filling

of the initiation section with the stoichiometric

gas mixture, the insulating material in the obser-

vation window was removed and replaced by a plate

of plexiglass to prevent heat convection and ice

forming on the outside of the detonation tubes. The
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detonations were then initiated and the subsequent

combustion processes were recorded photographically.

In both cases 5) and 7), the frequency of the rotating

druam camera was measured by an oscilloscope, using

Lissajous figures with a frequency generator as a

standard.

After each measurement the tubes were taken out of

the Dewar vessel, heated up to room temperature and the

water inside was removed by pumping. It is to be

mentioned that, at the limits of detonability, the

plexiglass tubes were generally destroyed within a

few meters after the starting chamber. This again was

the point where the detonation was started.

VI 8) TIIE 1 HOTOGRAPHIC MATRIAL

It is known that for the gas systems under investigation

the luminosity of the combustion proceeses near the

limits of detonability is very weak, This is especially

true for detonations in hydrogen - oxygen or hydrogen - air
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mixturi'e % Lerc in the present invctication

a lot of !, ouble xvas experienced in obtaining

suitable l1,otographs at the limits of detonability.

Thcrefore ýxtremely high speed panchromatic films i.

e. Kodak 2)'75 Recording Film with DK 50 as a de--

veloper ai l Kodak High Speed Recording Film

with MX 642-1 as o developer were used. The develop-

meril was ujually made at elevated temperatures°

For detonE ;iUonc with higher luminosity Kodak ,'RI-X

Jari with I )dak HC-110 developer was used,

VI 9) THE ]VALUAT1Ih OF THE FILMS

Depending if which experimental arrangement was

used eith',. two or three combustion proces-es were

recorded (.iee Picture 1), If the detonation is

a stable (.1e, the path of the luminous detonation

front has .. very regular structure and can be ap-

proximatec by a straight line, When the composition

of the gai ious mixture approaches the value at the

limit of c Atonability, the image of the detonation
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Picture 3: The onsqt of a detonation in CH - 02

9,7 Vol % Co4 , To= 295 0 K, po= 1 atm, d=lo mm



front gradai A]y changes into a sinusoidal form

(see Picture 2). Beyond the limits of detona-

bility one c¢serveB detonations dying off or

starting wit-i an alternating velocity of pro-

pagation. Fiially only accelerated flames are

recorded (Pj +ture 3), which are much slower than

detonations ind whioh do not have such a marked

structure, u itil nothing is to be seen on the film,

Especially a- the limits of detonability of hydrogen -

oxygen mixtuý,es a fairly wide range of detonative

combustion b-yond the limits of detonability was

observed, Th-.s is a very important fact for safety

porposes. Ge.,erally speaking as long as short sections

are consider •d there is only a gradual change from

the regime o" a stable detonation to the regime

of flames-

For the dete mination of the limits of detonability

as a functio,_ o.f the tube di.-meier, the fuel gas

concentrationi was first chosen su.h, that in at least

one of the t,,o or three tubes a stable detonation
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could be •xpected - The limits of: deutnability

for one tibe diameter were determined by averaging

between tlc two 1,oints having similar values of

the fuel tas concentration, of which one belonged

to a stable and the other to nn instable detonation.

VII EXIERI 'iENTA], RESULTS

VII 1. DE JONATION VELOCITY

The detonEtion velocity did not depend very strongly

on the initial temperature. This is in good accordance

with measurements discussed above,, With an accuracy

of measurement of about ± 2 % we generally did not

find any influence of the tube diameter on the deto-

nation velocity. Only here and there just at the limits

of detonalility a very slight depen'lence of the tube

diameter t-n the velocity of stable detonations was

found. In Fig. 5 and 6 the Mdach numbers for detonations
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in C4 -'2 and 12 - 0 .-. ,ixturcs are plotted42

againet fi el gas concentrations, with the initial

teniperatu2c as a parameter.. These Mach numbers

determine the strength of the front shock waves,

The Mach ;-umber is defined as the ratio of the

detonation velocily and the velocity of sound in

the unburr•t gas,

VII 2. T- 1ERATUE," ?i IND THlE SHiOCK ,AVh

With these ineasurc.j detonation velocities the

temperature behind the front shock wave was calculated

for CH4 - 02 (Fig., 7), ,'.ssuming that just behind the

shock wave there ii, no chemical reaction.. The

temperature behind the sl.ock wave is nearly inde-

pendent of the ini;ial te-tperature, This temperature

correspond4; to the temper 'Aire at which the chemical

reaction i•. the detoiation i+on- first starts, assuming

that the oue-dimensional trvatment of a detonation

is valid. (in the other hand the pressure behind the
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shook wave Is very strongly Influernced by the

initial temperature.

VII 3. THE !,1I•TS OF DETONABILITY

The limiits ,f detonability are represented in

terms of fu3l gas concentration as a function

of the reciprocal tube diameter with the initial

temperature as a parameter (Fig. 8, 9, 10). In these

plots tie upper and the lower limits of detonability

are represented by straight lines, the slopes of

which are a direct measure of the influence of the

tube diameter. For all these systems under in-

vestigation the concentration regime of stable

detonations becomes narrower for the lower initial

temperature3. Also the influence of the tube diameter

on the limits of detonability is a little more

pronounced ;3.t the lower initial temperature. The

measured values of the fuel gas concentrations at

the limits :f detonability are tabulated in Table

1. It must ')e pointed out that the values for
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Tab! e The meavired 11mitsof detonability

TO L°K] d rm] Vol '% C114

upper limit lower limit

295 . 48.7 12ý2
50-7 1010
52°7 8.3
53,6 7.3

2f 54.5 6.7
5, 55.3 5.6

T9 -43.7 18.3
.48.0 13.7

10 51.5 10.0
16 53.4 8.0
26 54,7 6.7
01 56.7 4.7

135 6 46.2 -
10 47.3

H2 - 02

T 0 LdK] dm. Vol % H2

upper limit lower limit
295 C 87,9 23.3

89.7 18.3
26 90.0 17.0

90,7 15.3

I 85,0 26,0
87.3 22..7

16 88.4 20,7
2( 89.0 19,6
o,, 90,4 17.5



11 - air

T,-, CiK- I rltjlh of tfle tiit~e I rlI-- i 2

Upper hunlt I OViY'li'

295 7 mn 6 52,6 25.0ý
7 rýl 10C 57. '0 20.3

14 m 163 59,4 17 3
14 2n 6 6 1.0 15.3

7 rn26 5 4.
'.3 .6 121

135i 7 Fit 1055.1
7 in 6 i~nol dctorliti
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d -- or i/d -> 0 are extiapolated

valuea and that they have no real physical

ei•gnificanie. This can be seen very easily

by the iac- that detonatione in i.ubes with

very large inner diameters must be spherical

dchtonation;i and these cannot be compared to

detonation: in tubes of small diameters,

For the eyo,[tem methane - oxygen only the upper limit

of detonability for To _: 135 OK was measired for

tubes of 1 1 and 6 min inner diameter.. This was done

bccaupse thki impact of the detonations was too high

so that th 2.evar vcsel would have been damaged

1-y m~ore me' Surcuments,

Tihe syster }Iydrogen - air is a very interesting

one, At room temperature the length of the tubes (7r,)

Vas insufLicient for d m 16 and 26 mm aE. c, L41

seen !n tI e plot For this reasou only the upper

limit of . etojiability was invcstieated at T0 = 135 °X
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for tube •iarnetcr[3 of F and 10 mm For d . mmr

arid To = 135 OK the ga; rni.xtare did not dotonate,

To demonstrate the influence of initial teeiper.'tuie

on a stable detonation some values just behind the sho k

front hax'3 been calcllated for C114 - 02 at the lirLt,

of detoi a Ality (Table 2_).,

V11 4, Tli' C.ITICAJ, TUBE ])IA4:.,:T "•

For tubes with ani inner diameter le.s than. the critical

diameter a stable d tonation is not poscible- It is

ver,\ difficult to measure this diameter directly,

but from our measurements-, it can be estimated from

Fig, 11, 12, 13, Thas the influence of the initial

tempercatu•e on the criti a± tibe diameter i:. ob.-

tained, -. ad thin will provide new informations for

safety problems, The estimated critical tube diameters

are shown in Table 3.
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Table 3: Ihe extrapolatcd critical tube diameter

OH -4 0

T 295 C x d ~2mm1 95 CK

195 ¢K d 5 c 3MM

if 2 0 02

To 295 C.K d r 2 mm

135 ,d c 3 mm

112 air

To = 295 0k dir 6 mm

To = i35 5 mm
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VIII I)IS12C3SIOl1

The classi.;al hydrodynamic theory of a stable

detonation is able to make good predictions

concerninrl detonation velocities, pressurec, and

densities, The calculations for various initial

temperatures give results which are in good

agreement vith the experimental values. In the

case of a stable detonation the phenomenon of

multiheadel spin occurs if the gas mixture is not

too close to the limits of detonability. In this

case the mrdel of a one-dimensional shock wave, followed

by a rapid chemical reaction, is a good approximation

an.d it see.as reasonable to consider a Chapman-Jouguet

plane,. This theory does not say anything about the

limits of letonability, The existence of tlnese

limits can be attributed to phenomena which are not

considered in this classic-al theory.. These Ph-.cmcna.

include re;.ction kinetics, hydrodynamic perturbations,

and the coipling of transversal shook waves iwith
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the possible acoustic oscillations in the burnt

Cases givw- •': the boundary conoitions, From the point

of view of the reaction kinetics one has to consider the

heat release by the exothermic chemical reactiou and the

time for tue heat release, because this is the

energy source for the front shock wave. If these waves

are to influence the stability of a detonation, the

interaction of waves must be considered uetween the

shock wave at the front and the place where the local

Mach number rea(..es the value one, Thic follows from

the Chapmai-Jouguet theory., All these phenomena

cannot be 2onsidered separately, and this is the cause

for the conplex nature of a detonation and the diffi--

culty involved in explaining the existence of the limits

of detonability. At the limits of detonability

one always observes single headed spin,, The detonation

front is given by a shock wave configuration like

the Mach tý-iple configuration. Furthermore there is

a measurable local separation of the shock 'ave at the
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front of ',he reaction zone° The fact, that at

the limitF of detonability the ratio of the r'ave

length of the acoustic oscillation in the burnt

gases to the tube diameter always reaches a critical

value, indicates a coupling of the shock waves at the

front with these acoustic oscillations0

From these facts one can try to explain the influence

of initial temperature on the limits of detonability,

Why do these limits become narrower for lower initial

temperature ? We have seen that the temperature be-

hind the shook wave at the detonation front is almost

independent of initial temperature, and this temperature

is determinative for the chemical reaction. From this

point of view the reaction could only be influenced

by the higher pressure behind the shock ,avo at the

lower initirl temperature. Because the rtractj.on time

is proportional to p-n thIi i+ "-- .. t- '- -. .

slight influence. But then the detonation limits

would beccmae wider with lower initial temperature
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There must be a dominant effect into tlhe other

direction., -..nvestigations of detonation spin

with the fiLm moving in the direction of the

detonation ?:ront with the came velocity demonstrated,

that also a; low temperatures there is a periodically

moving lumiLous zone in the detonation front. This

luminous zone is the zone of strong chemioal reaction.

This pictur-ý of an oscillating zone of strong chemical

reaction in the detonation front is supported by the

reaction zo-ie behind a triple Maeh configuration

as demonstrated by Edwards a~o. f7] . At the limits

of detonabi.iity one triple Mach configuration goes

to and fro between the walls of the tube. and th-

zone of the strongest chemical reaction also oscillates.

If the reac-,ion zone is near the wall of the tube,

it might be influenced by the cool boundary layer,

and for thi j 'earosi• tYlr 1 -1 ,-i Ii :,i tonm ,-ni. ,

mighY t leed -o a narrower dutor:ation regime. Another

possibility as to why the 3ordering of the initial



I ~ternpcratiurc L'educcs t1W St~bili LN, of a detona'tiont ic

the existejico of rarefaction vavcs coming from t~he

cold wall into the -;one be Lween the front shock wavev

and the regirie of Mach number one,, This should be

possible at the limits of detonability because of the

Creater separation of the front shock waves and the

ac,)ustic waves in the burnt Caseo must also be con--

sidered.

Only the in~fluence of low initial temperaLures on the

limits of detoniability has been investigated, What will

haT pen if tlhe initial temperature is increased ? There

is one aniti al case.. If the initial ternperaturo,

reaches the value for the self -ignitio,:n o~f the

detonative j az mixture, no detonation cani bc L~enerated

anymore. In a similar manner, the onset of a detonatioi,

Iromn a lamixiar burning flame is restrained by higherI initial temperatures .Thus the detonation regim~e migeht

IE
I|
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be expected to become narrower for higher

initial ter, cratureo. Then there should be

a range of ;emperature at Nvhich the detonation regime

3:eaches a maximum.

IX A W.'Y-.;OD TO AIPROXIMATE TIHE LIMITS OF ])VTONABILITY

Foi a stablo detonation the detonation velocity

is independ,•nt of the length of the tube and there-

fore independent of the kind of ignition, provided

that the ignition was strong enough to ignite the

gases. There.fore one chould expect, that the limits

of detonabi.Aty in very long tubes are independent

of the mann.'r of igniting either by an initial detonation

or by a weal: flame. To test this, we took a tube of

plexiglass of about 3 m length with one end closed,

Near the closed end the detonative gas mixture waa

ignited by ý pilot flame through a small hole in the

wall of the tube, By this weak ignition no shook waves

were produced at the point of ignition, The induction

time and thr induction distance were measured from the

point of ig: ition to the point of the onset of the
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detonation hich jic iridiQc1i.ud by a high lmilnnosity

and the oc',urencuc cf the retunation wave., The ratio

of the initiation distancc over the initiation time,

the Oppcrni - velocity, divided by the velocity of

sound of tie undisturbed gas was plotted against the

fuel gas concentration (Fig. 14). The extrapolation
SVo

of these clirves to hl _ Op 0 gives theOpp a0

limJts of 3etcnability, measured iiv long zubes of

the same dLaineter with the experimental designs described

above. Thi3 approach is a very simple one to 6etermine

the limito of detonability. It is at least a acry good

method to estimate the limits of detonability, which

c>an otherwise only be measured with great experimental

expenditur- ..
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